To overcome such inconveniences other less toxic crosslinking agents should be developed [16, 17] . The use of PVA as the main component for hydrogels formation is particularly advantageous, due to the abundance of hydroxyl pendant groups on the PVA chains that can be further substituted with various functional groups. Several research groups have investigated the addition of methacrylate and acrylate pendant groups [18] [19] [20] , chitosan [21] , sulfosalicylic acid [22] , hydroxyapatite [23] , and alginate [24] . The versatility of PVA hydrogels makes them materials of choice for many biomedical applications, as matrices for cell immobilization and for the controlled release of drugs [25, 26] .
Polyphosphoesters (PPEs) represent a wide class of biodegradable polymers with repeating phosphoester linkages in the backbone, where the phosphorus atom is pentavalent and it thereby allows the introduction of bioactive molecules and extensive modification of the physical and chemical properties of these polymers [27, 28] . PPEs are known to be biodegradable [29] and biocompatible [27] and they are widely used in drug [30, 31] , protein [27] or gene delivery [32, 33] and tissue engineering [34] .
In the past partially phosphorylated poly(vinyl alcohol) has attracted considerable interest because of its nonflammability [35, 36] , its ability to form metal complexes [37] , anionic polyelectrolyte hydrogels [38] [39] [40] and to obtain cationic exchanged resins [41] . Recently, phosphorylated poly(vinyl alcohol) has been taken into consideration for biological applications [42] .
Chondroitin sulfate (CS) is a polysaccharide present in the extracellular matrix of cartilages and tissues of the body, serving both important structural and biological functions. CS provides compressive strength to connective tissues by regulating their water content, and possesses characteristic features suitable for bioapplications [2, [43] [44] [45] . However, the readily water-soluble nature of chondroitin sulphate limits its applicability as solid-state drug delivery vehicle. Therefore, some crosslinking treatments were taken into consideration to tailor the properties of chondroitin sulphate in order to produce more stable materials.
Actually, blending monomeric and polymeric precursors is a well-established route in the design of functional materials. Herein, our aim was to combine the multifunctionality and biodegradability characteristics of chondroitin sulphate with the adjustable mechanical strength of PVA tailored by chemical crosslinking with adequate ratios of phosphoester functions. Thus, the present study describes the preparation of PVA/PPEs-CS semi-IPNs by the chemical crosslinking of PVA via phosphonic dichloride polycondensation, followed by the epichlorohydrin-crosslinking of PVA/PPEs and CS. The semi-IPN hydrogels were characterized by FT-IR spectroscopy. The effect of CS content in the semi-IPN hydrogel on water absorption and water vapor transport rates was determined.
Experimental procedure

Materials
Poly(vinyl alcohol) (PVA) (Mw=18300 Da) was received from SC ROMCRIL Rasnov; phenyl dichlorophosphate, phenylphosphonic dichloride and epichlorohydrin were purchased from Sigma-Aldrich; chondroitin sulfate (CS) powder, (Mw = 35 kDa) was obtained from Roth (Germany). p-Methyl-phenyl phosphonic dichloride was synthesized from p-methyl-dichlorophosphine and purified by distillation under reduced pressure according to the method reported in the literature [46] . Cyclohexyl phosphonic dichloride was prepared starting from PCl 3 and cyclohexane by bubbling a stream of oxygen, under vigorous stirring, as described in the literature [47] . Phosphate buffer solution (PBS) was prepared from phosphate buffered saline by dissolution in distilled water. All other reagents were used as received from commercial sources or were purified by standard methods.
Measurements
FT-IR spectroscopy
Fourier transform infrared (FT-IR) spectra were registered on a Bruker Vertex 70 (Bruker, Germany) either in transmission mode, at frequencies ranging from 400 to 4000 cm -1 (with a resolution of 2 cm -1 and accumulation of 32 scans), or in reflexion mode, in the 600-4000 cm -1 spectral range (64 scans, at 2 cm -1 resolution). A Golden Gate ATR accessory (Specac Ltd.) was used in the latter case. The single reflection IRE was diamond, with an incidence angle of 45 o .
Contact angle measurements
The contact angle measurements were performed by using CAM-PLUS Micro apparatus. Measurements were made using liquid distilled water (density 0.9986 g cm ) at room temperature (T = 20 o C). Drops with small volume were used to minimize the effects of gravitation. Scans made every 5 seconds in the range 0-45 seconds were collected.
Scanning electron microscopy
Scanning electron microscopy (SEM) was performed on a TESLA BS 301 instrument, at 25 kV, with a magnification of 380-3600. The images were taken on film surfaces deposed on Al supports and coated by sputtering with Au thin films using an EK 3135 EMITECH device.
Swelling tests
Swelling studies were performed for all formulations and carried out by direct immersion in PBS, pH 7.4. The hydrogel samples were maintained for 24 hours at 37 o C; they were periodically removed from the solution, gently wiped with a soft tissue to remove surface solution, weighed and then placed back into the vessel as quickly as possible. The swelling degree at equilibrium was calculated according to the Eq. 1:
where W t is the weight of the swollen samples at time t and W d is the weight of the dry sample.
To determine the kinetics of solvent diffusion into the matrices (swelling), the following Eq. 2 was used [48]:
(2) where W t and W eq represent the amount of 7.4 PBS solution, absorbed by the matrices at time t and at equilibrium, respectively; k sw is the swelling constant characteristic for the system and n sw is the power law diffusion exponent, which takes into account the type of solvent transport. Eq. 2 is applied to initial states of swelling (swelling degree less than 60%) and linearity is observed when log F t as a function of log t is represented.
Dynamic water vapors sorption
Water vapor absorption capacity of the film samples was measured by using the fully automated gravimetric analyzer IGAsorp supplied by Hiden Analytical, Warrington (UK). An ultrasensitive microbalance measures the weight change as the humidity is modified in the sample chamber at a constant regulated temperature. The measurement system is controlled by a user-friendly software package.
Procedure
Preparation of PVA/Phosphoester networks
The PVA/PPE (P1-P4) networks have been prepared by a nucleophilic displacement reaction of phosphonic dichloride with the hydroxyl groups of PVA according to a method reported in [49] using dimethylformamide as a reaction medium. The synthetic route of PVA/PPE (P1-P4) is illustrated in Scheme 1. The experimental details are described below using PVA/PPE (P3) as an example. 0.209 g (1 mmol) of p-methyl-phenyl phosphonic dichloride and 109.8 g (6 mmol) PVA were dissolved in 50 mL of dry dimethylformamide and the reaction mixture was kept at 90 o C for 12 h with constant stirring. After that the solvent was removed under reduced pressure, and the resulted product was dried Scheme 1. The synthetic route of PVA/PPE (P1-P4).
at 50 o C in a vacuum oven. The final PVA/PPE networks were purified by dialysis against water during 5 days followed by lyophilization. The yields of PVA/PPE were P1=77%, P2=80%, P3=89% and P4=85%.
Preparation of PVA/Phosphoester (P3)-CS hydrogels
The PVA/PPE (P3) based on p-methyl-phenyl phosphonic dichloride was chosen further in order to synthesize PVA/PPE (P3)-CS mixed hydrogels. Thus, PVA/PPE (P3) and CS were dispersed in various weight ratios (90/10, 80/20, 70/30, 60/40, 50/50) in aqueous alkaline solution (NaOH 9%), in presence of epichlorohydrin under vigorous stirring. The obtained gel-like samples were placed on glass plates and the crosslinking reaction was completed by heating at 80 o C for 8 h. Hydrogels were extensively washed with water to remove the unreacted compounds. The samples were dried for 10 h by using a LABCONCO FreeZone device.
Results and discussion
FT-IR spectroscopy for PVA/Phosphoester (P1-P4) networks
The structure of the resulting compounds was investigated by FT-IR spectroscopy. Fig. 1 shows the FT-IR spectrum of PVA/PPE (P3) in comparison with the FT-IR spectrum of pristine PVA. In the PVA spectrum, characteristic peaks at 3390 cm -1 (O-H stretching vibration), 2931 cm -1 (C-H stretching), 1733 cm -1 (residual acetate CH 3 COO -) and 1430 cm -1 (C-H bending) can be observed [50] . In the spectrum of PVA/PPE (P3) the absorption bands associated with P=O (1262 cm -1 ), P-Ar (1470 cm -1 ), CH, CH 2 and CH 3 (2960, 2922 cm -1 ) can be identified [51, 52] . The absorption bands at 969 cm -1 and 1180, 1150 cm -1 prove the formation of the P-O-alkyl bonds [51, 52] . Due to its bifunctionality, it is expected that PPE acts as a crosslinker between PVA polymer chains.
Contact angle measurements for PVA/ Phosphoester (P1-P4) networks
A biomaterial is any synthetic or natural material which in contact with living tissues and biological fluids does not produce an immunological or inflammatory response.
Neumann demonstrated the role of surface free energy and of blood-biomaterial interfacial tension in the adhering process of sanguine plateles [53] . The methods used to determine the surface tension are based on contact angle measurements between the liquid meniscus and PVA/PPE (P1-P4) films surfaces. The surface of the material is the first component of the implant that comes into contact with the biological cells or biological fluids. Thus, biocompatibility will be influenced primarily by the surface characteristics of the biomaterial, particularly by the wettability, surface chemistry of the exposed atoms, surface energy and surface topography. A characteristic that significantly influences this response is that related to surface wettability, which is often determined by measuring the contact angle of the material [54, 55] . For the calculation of the surface tension parameters, the geometric mean method was used:
where θ is the contact angle determined for water and ethylene glycol, subscripts "lv" and "sv" denote the interfacial liquid-vapour and surface-vapour tensions, respectively, while superscripts "p" and "d" denote the polar and disperse components, respectively, of total surface tension, γ sv . Solid-liquid interfacial tension is defined with the following equation:
Free energy of hydration and interfacial tension are very important in that they determine the interaction forces between two different media and influences the following processes: stability of the colloidal aqueous suspensions, dynamics of the molecular self-assembling, wettability, spatial distribution and adhesiveness of the surfaces. The biological and chemical processes, which take place at the surface of an implant, depend on the interfacial interactions between a solid and a liquid. The surface of a biomaterial must have the ability to minimize the blood -biomaterial interfacial tension in such a way that it has a reduced capacity to adsorb proteins. Although an interfacial tension equal to zero would be ideal for realization of the blood compatibility, however this is not desirable in view of the mechanical stability of the blood -biomaterial interface. It is generally considered that the blood-biomaterial interfacial tension should be 1-3 mN m -1 for a good blood -biomaterial compatibility, as well as a good mechanical stability of the interface [56] . The best value for solid-liquid interfacial tension (5.6 mN m -1 ) was obtained for PVA/PPE (P3) composition as a result of the presence of the hydrophobic -CH 3 groups of p-methyl-phenyl phosphonic dichloride. For the other samples (P1, P2 and P4, respectively) the contact angle investigation could not be performed due to sample deterioration during the experiment.
Synthesis and characterization of semi-IPN hydrogels
The semi-IPN hydrogels based on PVA/PPE (P3) and CS, obtained by various mixing ratios of the components (90/10, 80/20, 70/30, 60/40, 50/50) (w/w), were properly coded as 90/10, 80/20, 70/30, 60/40, 50/50. A schematic representation of the hybrid network based on PVA/PPE (P3)-CS is shown in Fig. 2 . The bonds between PVA/PPE network and CS are generated by using epichlorohydrin. The PVA/PPE (P3)-CS semi-IPN hydrogels with various mixing ratios were extensively washed with warm water in order to remove the unreacted compounds, especially epichlorohydrin traces, according to literature [57] . The yields for this semi-IPN hydrogels, presented in Table 1 , ranged from 71 to ca. 78%.
ATR -FT-IR spectroscopy
ATR -FT-IR spectroscopy was used to assess the chemical groups characteristic for CS and PVA/PPE (P3), and to verify the formation of epichlorohydrine crosslinks. Fig. 3 shows the ATR -FT-IR spectra for the PVA/PPE (P3)-CS samples. The PVA/PPE (P3) exhibits three main absorption bands: typical strong hydroxyl bands for free alcohol (nonbonded OH stretching band) and hydrogen bonded band in the range of 3500-3100 cm -1 [58], C-H stretching vibration at 2970-2850 cm -1 and C-O stretching at 1100-950 cm -1 . Intramolecular and intermolecular hydrogen bonds are expected to occur among PVA chains due to high hydrophilic forces.
The presence of CS was evidenced by the bands at 3410-3470 cm -1 which are originated from hydroxyl groups while those at 1644 cm -1 -1660 cm -1 by carbonyl bond of amide group. The band at 1240 cm -1 corresponds to the R-OSO 2 -OR [58]. Carbon-oxygen single bonds display stretching bands in the region 1200-1100 cm -1 . The absorption band of C-O stretching was observed at 1100 cm -1 . As can be observed from Fig. 3 , the insertion of CS into PVA/PPE (P3) matrix did not induce significant changes in the FT-IR spectra of PVA/PPE (P3)-CS (90/10-50/50) semi-IPNs. An enlargement of the band assigned to -OH stretching according to the increase of the amount of CS in the matrix formulation was observed. Moreover, the intensity of the band at around 1650 cm -1 due to the stretching vibration of carbonyl bond (amide I band) increased with increasing of CS content. The semi-IPN hydrogel was formed by the crosslinking of PVA/PPE (P3) network, while CS remained in linear form within the matrix. For this reason, significant changes between the FT-IR spectra's of PVA/ PPE (P3)-CS and PVA/PPE (P3) were not observed.
Scanning electron microscopy
The microstucture of the hydrogels was investigated with a scanning electron microscopy (SEM). High water contents of the hydrogels will likely result in highly macroporous sponge like scaffolds upon lyophilization. As shown in Fig. 4 , all of the hydrogel samples exhibited porous structures, while pore structures are dependend on the CS content of the hydrogels. As it can be seen in Fig. 4 , the pore size increased by CS incorporation. Therefore, the solvent molecules could easily diffuse into hydrogels, leading to a higher swelling ratio [45] . The high hydrophilicity of CS also contributes to this effect. The structure of hydrogels shown in Fig. 4f is rough and filled with interconnected circular or elliptical macropores. Porous structures were also observed in Figs. 4a-4e but these structures were less rough, and the pores were smaller.
Swelling studies
The swelling behavior, as a main characteristic parameter for hydrogels, depends on the nature of the polymers (nature of charge, ionization capacity of hydrogel in pH, permeability of molecules in solution, crosslinking density in hydrogel etc.) and the environmental conditions (pH and temperature of the medium). Actually, the swelling phenomenon can be universally observed upon appropriate combinations of polymer matrices and solvents. The polymer network comes in contact with the solvent and it starts to swell due to the thermodynamic compatibility of the polymer chains and solvent. Thus, the swelling forces are counterbalanced by the retractive forces induced by the crosslinks of the networks, swelling equilibrium being reached when these forces become equal. On the other hand, the swelling ratio of ionic gels is determined by the electrostatic repulsion between the polymer chains due to the presence of charges on the polymer structure. The extent of the swelling ratio is influenced by pH, ionic strength etc. which reduce the electrostatic repulsion [59] .
The chemical composition of PVA/PPE (P3)-CS semi-IPN hydrogels has a significant influence on the swelling ratio. The strong repulsion of negative charges and polar groups cause PVA/PPE (P3)-CS semi-IPN hydrogels to be highly hydrophilic. PVA/PPE (P3)-CS semi-IPN hydrogels are expected to show more capacity of swelling than PVA/PPE network. The absorption of solvent molecules from the environment changes the dimensions of the pores and the physicalchemical properties of the system. Fig. 5 reveals that the swelling occurred rapidly in the first minutes and the swelling ratio of the semi-IPN hydrogels increases with the amount of CS. Only 25 minutes are required to reach the equilibrium swelling ratio for all PPE (P3)-CS semi-IPN hydrogels. Equilibrium swelling capacity for all the samples is high and increases with the content of CS. In PBS at pH 7.4 the high solvent quantity uptake and faster swelling can be attributed to the ionization of -COOH and -CH 2 SO 3 H groups and anion-anion repulsive electrostatic forces among -COO -and -SO 
Water vapor sorption capacity
The sorption/desorption isotherms were registered at 25ºC from 0 up to 90% relative humidity (RH) by using a IGAsorp equipment. The vapors pressure was increased in 10% humidity steps, with a pre-established equilibrium time of 10 -20 minutes. For each step, the electromagnetic compensation between tare and sample was used to measure the excedent weight. The desorption isotherms were obtained by gradually decreasing the vapor pressure. The samples were dried prior to measurements at 25ºC in flowing nitrogen (250 mL min -1 ) until a constant value of the weight was reached at RH<1%. Two of them, those for samples 100/0 and 100/30 are illustrative presented in Fig. 6 . As can be seen, neither the shape of the isotherm or maximum vapor sorption capacity (Table 3) are significantly affected by the presence of CS in composition.
While the above results of swelling studies reveal a significant rise in water uptake capacity by increasing CS content, a slightly decrease of the sorption capacity (only by 2%) by increasing the CS content could be observed (Table 3 ). This is due to the different conditions in which the mass transport occurs in the two cases (in liquid water with pH 7.4 and vapour water phase, respectively).
The registered isotherms can be assimilated to those of type III according to Brunauer et al. [63] , indicating that the results should not be described in terms of free and bound water and of hydration layers. The isotherms show hysteresis between the adsorption and desorption throughout the studied humidity range. In a simplified manner, this could be attributed to a difference in mechanism between condensation and evaporation processes occurring in pores with narrow necks and wide bodies but it is believed that network effects have an important role [64] .
Monolayer Brunauer-Emmett-Teller (BET) and multi-layer Guggenheim-Anderson-de Boer (GAB) kinetic models applied to the obtained data on the 
Conclusions
Phosphorylated poly(vinyl alcohol) (PVA/PPE) (P1-P4) have been prepared. The formation of the phosphoesteric crosslinks between the chains was confirmed by a spectral study. The value for solid-liquid interfacial tension (5.6 mN m -1 ) obtained for PVA/PPE (P3) composition, as a result of the presence of the hydrophobic -CH 3 groups of p-methyl-phenyl phosphonic dichloride is close to the value which describes a good blood-biomaterial compatibility (1-3 mN m -1 ). The bicomponent hydrogels based on PVA/PPE (P3) polymers and chondroitin sulfate (CS) in various mixing ratios were prepared by chemical crosslinking. The hydrogels display microporous structure, with the pore diameters depending on the CS content. The swelling profiles revealed a dependence on CS content, showing that increasing the CS content in hydrogel compositions leads to a higher swelling ratio. Taking into account the known bio-tolerance of all components involved in the hydrogels structures and their behavior (porosity, wettability, high swelling ratio, and moisture sorption capacity) it is expected that such hydrogels can be applied in the biomedical field. 
